Active transport along the microtubule lattice is a complex process that involves both the Kinesin and Dynein superfamily of motors. Transportation requires sophisticated regulation much of which occurs through the motor's tail domain. However, a significant portion of this regulation also occurs through structural changes that arise in the motor and the microtubule upon binding. The most obvious structural change being the manifestation of asymmetry. To a first approximation in solution, kinesin dimers exhibit twofold symmetry, and microtubules exhibit helical symmetry. The higher symmetries of both the kinesin dimers and microtubule lattice are lost on formation of the kinesin-microtubule complex. Loss of symmetry has functional consequences such as an asymmetric handover-hand mechanism in plus-end-directed kinesins, asymmetric microtubule binding in the Kinesin-14 family, spatially biased stepping in dynein and cooperative binding of additional motors to the microtubule. This review focusses on how the consequences of asymmetry affect regulation of motor heads within a dimer, dimers within an ensemble of motors, and suggests how these asymmetries may affect regulation of active transport within the cell.
Introduction
Within the intricate network of microtubules, two families of molecular motors, the kinesin superfamily and dynein, work together and against each other to transport material in both directions along the microtubule and to crosslink, slide and organise microtubules during spindle formation. This is a highly regulated process where a significant portion of motor targetting and regulation occurs through the cargo domain. However, the motor domain itself plays a large role in determining the direction of travel and cooperativity between motors. The high complexity arising from multiple types of motors transporting many types of cargos in both directions demands a sophisticated and adaptable level of communication between motors to ensure energy efficient and timely transportation. This communication can be broken into three main categories: communication between motor heads when they exist as functional dimers, communication between dimers in a working ensemble of motors and long-range communication between motors on the same microtubule. Much of this communication appears to begin upon binding to the microtubule and in some cases occurs through the microtubule lattice itself. Therefore, a knowledge of the structural changes that occur when a motor interacts with a microtubule is critical to understanding how this communication occurs. The most profound structural change that occurs upon interaction of a motor and microtubule is a decrease in the intrinsic symmetry of the macromolecular assembly compared with that of the isolated motors and microtubules in solution. Hence, this review focusses first on the structural and functional asymmetry within the kinesin superfamily that is believed to be an essential component of their motor activity, and then briefly extends these considerations to the dynein superfamily of motors.
The kinesin superfamily includes plus-enddirected motors, minus-end-directed motors and kinesins that regulate microtubule dynamics and can be divided into 14 subfamilies (Lawrence et al., 2004) . Despite these differences, all kinesins contain a structurally conserved motor domain that includes a microtubule and adenosine triphosphate (ATP) binding site, and they most often operate as dimers. In general, the position of the motor domain within the polypeptide sequence is a predictor of motor Figure 1 Topological organisation of plus-and minus-end-directed kinesins (A) Overall topology of plus-and minus-end-directed motors (cyan and orange, respectively) where plus-end-directed motors contain N-terminal motor domains and C-terminal cargo domains, and minus-end-directed motors contain N-terminal cargo domains and C-terminal motor domains. A surface representation of a dimeric Kinesin-1 motor domain (pdb accession 2Y65) is shown as a representation structure of a plus-end-directed motor, and a surface representation of a dimeric Ncd motor domain (pdb accession 2NCD) is shown as a representative structure of a minus-end-directed motor (Sablin et al., 1998; Kaan et al., 2011) . The cargo domains of the plus-end-directed motors are depicted in grey as some plus-end kinesins, such as Kinesin-1, utilise a second polypeptide chain for their cargo domains. (B) Structure of the neck linker in Kinesin-1 and Ncd (pdb accession 2Y65 and 2NCD) show two radically different conformations. In plus-end-directed motors, the neck linker is located C-terminal of the motor domain (grey) and exhibits a random coil and β-strand secondary structure. The depicted orientation represents a parallel docked position. In minus-end-directed motors, the neck linker is located N-terminal to the motor domain (grey) and exists as an α-helix which forms a coiled coil with the second head in the dimer. The depicted position represents a pre-powerstroke orientation. The neck linker region in minus-end-directed motors is not as well defined as in plus-end-directed motors; the region highlighted here represents the section of coiled coil that makes direct contacts with the motor domain and is required for wild-type motility (Sablin et al., 1998; Rank et al., 2012) .
direction. Motors with N-terminal motor domains typically exhibit processive, plus-end-directed motility, whereas C-terminal motor domains exhibit nonprocessive minus-end-directed motility (Figure 1) . Mechanistically, the direction of travel is related to the structure of the neck linker where this consists of approximately 15 class-specific amino acid residues that are located directly C-terminal to the motor domain in plus-end-directed kinesins or lie immediately before the motor domain in minus-end-directed motors (Sablin et al., 1998) . In addition to opposite directions of travel, subfamilies of kinesin exhibit different characteristic run lengths, speeds, stalling forces, and cooperativity reflecting the diverse function of these motors. These features are due in part to differing communication between heads in the molecular dimers, however, the structural and mechanistic details in many instances are still unclear.
Processive, plus-end-directed kinesins undergo an asymmetric hand-over-hand mechanism (Svoboda Functional asymmetry in kinesin and dynein dimers et al., 1993; Hackney, 1994; Hoenger et al., 1998; Hancock and Howard, 1999; Asbury et al., 2003; Kaseda et al., 2003; Yildiz et al., 2004) . This requires the heads to operate as a functional dimer where communication between the heads is necessary to synchronise stepping and prevent premature release from the microtubule. This is thought to occur through strain in the neck linker, neck linker orientation, and chemical gating (Rice et al., 1999; Yildiz et al., 2008; Clancy et al., 2011) . In contrast, the Kinesin-14 family which undergo minus-enddirected motility are non-processive (Vale and Fletterick, 1997; deCastro et al., 2000; Foster and Gilbert, 2000; Fink et al., 2009 ). These motors use a powerstroke mechanism where only one head is directly involved in each motile cycle (Wendt et al., 2002; Endres et al., 2005) ; however, recent studies suggest functional importance for the second head of the dimer (Foster et al., 2001; Sproul et al., 2005; Kocik et al., 2009; Rank et al., 2012) .
Review
A complete model of the mechanism of both plusend-and minus-end-directed motors requires a detailed knowledge of the structural changes in each head during their interaction with microtubules, coupled with an understanding of how the state of one head influences the other because most of the motile cycle occurs when kinesins are bound to microtubules. Likewise an understanding of the changes induced in the microtubule lattice by kinesins is needed to account for the cooperative binding exhibited by kinesins that operate as ensembles. All of these biological processes introduce asymmetry into an otherwise symmetric system. The relationship between symmetry and asymmetry is the focus of this review which is directed towards recent developments in our knowledge of kinesins, but touches briefly upon analogies to Dynein.
Asymmetry between kinesin heads
Although there is some evidence that even in solution kinesin dimers can be asymmetric (Stone et al., 1999; Kozielski et al., 2001) , to a first approximation most kinesins can be considered to be chemically symmetric dimers in solution, whereas microtubules consist of helically symmetric arrangements of tubulin heterodimers. The symmetry of the individual components is lost the moment the macromolecular assemblies interact because kinesins cannot exhibit helical symmetry and the microtubule lattice does not embody a twofold axis of symmetry. In solution, two heads tethered by a coiled coil can be structurally equivalent by being related by a twofold rotational axis parallel to the coiled coil, and this state has been observed in crystal structures for both the Kinesin-14 Ncd and Kinesin-1 (Figure 2) (Sablin et al., 1996; Kaan et al., 2011) . Any symmetry between heads in solution likely represents an average state, but this is lost the moment one head binds to the microtubule lattice. Each head then becomes structurally unique which has kinetic and motile consequences. In plus-end-directed processive kinesins, this is most obvious in the kinetic cycle where the nucleotide state of each head is controlled out of phase by the state of the other (Rosenfeld et al., 2003; Klumpp et al., 2004) . For Kinesin-1 and the Kinesin-7 CENP-E, asymmetry between the nucleotide-state of the motor heads is established the moment the first head binds to the microtubule (Hackney, 1988; Ma and Taylor, 1997; Gilbert et al., 1998; Sardar and Gilbert, 2012) . Asymmetry also manifests itself in a more subtle manner in the limping of homodimeric motor constructs.
At its most basic level, limping of homodimeric motor constructs is a result (and proof) of an asymmetric hand-over-hand walk (Asbury et al., 2003; Higuchi et al., 2004) . Limping is defined as alternate and distinct stepping rates as measured by single molecule studies, and strict alternation in rates implies that alternate steps are mechanistically unique. This excludes symmetric model of motions such as the symmetric hand-over-hand or inchworm mechanism. Further proof of the asymmetric handover-hand mechanism comes from two key experiments. The Gelles group demonstrated that microtubules do not rotate in response to stepping by a Kinesin-1 attached to a coverslip through a torsionally stiff coiled coil (Hua et al., 2002) . This result is inconsistent with a symmetric hand-overhand mechanism because the latter would require a Kinesin-14 family subfamily of the kinesin superfamily characterised by C-terminal motor domains and non-processive motility directed towards the minus-end of the microtubule.
Figure 2 Symmetry between motor domains in a dimer
Cartoon representations of dimeric structures of Kinesin-1 (pdb accession 2Y5W, cyan), Ncd (2NCD, orange), and dynein (4AKG, red) viewed looking down the coiled coil with the twofold axis depicted as a black oval (Sablin et al., 1998; Kaan et al., 2011; Schmidt et al., 2012) . Both Kinesin-1 and dynein show close to a twofold symmetry between heads. Variation from twofold symmetry likely reflects flexibility within the neck linker/GST linker and effects of crystal packing. The Ncd structure shows crystallographic twofold symmetry where only one polypeptide is found within the asymmetric unit of the unit cell.
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• rotation with each Kinesin-1 step. Yildiz et al. (2004) further showed by labelling each head in a Kinesin-1 dimer with a different fluorescent probe that each Kinesin-1 head takes a 16 nm step excluding an inchworm model. Further studies of an asymmetric hand-over-hand mechanism have proven (Fehr Figure 3 Motor domain trajectories during asymmetric hand-over-hand mechanism (A) A schematic representation of the different trajectories experienced by kinesin dimer heads during an asymmetric hand-over-hand stepping motion. In this model, head 2 (red) travels to the left of the protofilament, when viewed from the minus-end of the microtubule, and a greater distance above the protofilament while stepping compared with head 1 (cyan), which swings to the right of the protofilament during its step. (B) Stepping of the heads also introduces twist within the coiled coil; however, as each step introduces twist in the opposite direction, the net rotation within the cycle is zero. This is more clearly illustrated in the view from the minus-end of the microtubule.
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Step 1 Step 2 et al., 2009) that limping is due to each head experiencing different vertical load during the motile cycle as predicted (Xie et al., 2007) . This requires the same motor domain to undergo two intrinsically different trajectories during the motile cycle ( Figure 3 ). Two trajectories are required otherwise the stepping motion would generate rotation of the cargo which is not observed.
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Figure 4 Sequence conserved differences within heterodimeric Kinesin-2 motors
Kif3a, Kif3b and Kif3c show conserved sequence differences between themselves. Conserved differences within the microtubule binding region, particularly loop 11, and the neck linker suggests that these motors have evolved to have different microtubule binding interactions and to respond differently to tension within the neck linker. It is possible that these differences within the neck linker optimise the motors to work at the different vertical loads, and that differences within the microtubule binding region bias one motor to bind first to the microtubule. Sequences aligned using T-coffee server (Notredame et al., 2000) , and further analysed utilising Jalview (Clamp et al., 2004; Waterhouse et al., 2009 ).
Conserved differences in loop 11
* * * **************************** * Kif3a_H.sapiens/251-270 Although studies of limping have focussed on the Kinesin-1 family, all motors that utilise a processive hand-over-hand mechanism experience asymmetry both in the chemical state of each head and in the trajectory if the cargo does not rotate. Asymmetry is more pronounced in members of the Kinesin-2 family which exist as heterodimers. Kif3a (Aizawa et al., 1992; Kondo et al., 1994) forms a heterodimer with either the motor Kif3b (Yamazaki et al., 1995) or Kif3c (Muresan et al., 1998; Yang and Goldstein, 1998) , and both Kif3a heterodimers are thought to undergo a processive hand-over-hand motion (Muthukrishnan et al., 2009 ). The evolutionary development of a heterodimeric kinesin raises the question if the heads have been optimised to perform maximally at different vertical loads. Artificially formed homodimeric Kif3a and Kif3b motors display similar motility rates and run lengths to Kif3a/b heterodimers (Muthukrishnan et al., 2009 ). However, Kif3b and Kif3c, but not Kif3a, contain a conserved proline in the neck region, which has been implied as the region sensitive to changes in vertical loads (Fehr et al., 2009 ). There are also sequence conserved differences amongst Kif3a, Kif3b and Kif3c in the microtubule binding region particularly in loop 11 which may affect microtubule binding affinity (Figure 4 ). More detailed single molecule studies, kinetics and microtubule binding studies are needed to elucidate the role of these conserved differences in the mechanism and biological benefit of heterodimerisation in the Kinesin-2 family.
Like the Kinesin-1 and -2 subfamilies, motors of the Kinesin-5 subfamily exhibit a processive, plus-end directed, asymmetric hand-over-hand motion (Valentine et al., 2006) . However, the homodimeric Kinesin-5 member Eg5 displays apparent asymmetric binding of adenosine diphosphate (ADP) in solution which biases the weakly ADP bound head to bind to microtubules first (Krzysiak et al., 2008) . This suggests that in solution Eg5 dimer heads must be structurally unique resulting in asymmetric affinities for ADP. This is in strong contrast to homodimeric Kinesin-1 heads which are indistinguishable in solution. Electron paramagnetic resonance (EPR) studies of Eg5 dimers and monomers show two distinct populations of motor heads, presumed to be the tight and weak ADP bound heads, supporting the idea of a structurally asymmetric dimer (Waitzman et al., 2011) . The ratio between these two populations as seen by EPR is constant for both monomeric and dimeric motors and the heads appear to switch rapidly between the two states (Waitzman et al., 2011) . The EPR data together with the 2 /3 -NMethyl-anthraniloyl (MANT)-ADP titrations from the Krzysiak study suggest that within the dimer the Eg5 heads switch freely between the tight and weak ADP binding state; however, it is energetically unfavourable for both heads of the dimer to be in either the weak or tight ADP binding state resulting in asymmetric heads within the dimer. EPR studies also suggest that this dynamic equilibrium between heads is lost upon binding of the first motor head to the microtubule as the asymmetry is imposed (Waitzman et al., 2011) .
Structural studies of Eg5 show a novel position of the neck linker which is docked perpendicular to the motor domain, and residues necessary to stabilise this conformation are conserved only within the Kinesin-5 subfamily (Turner et al., 2001) . The asymmetric ADP binding in solution may be a result of this novel docked neck linker position as this conformation structurally prevents formation of the symmetrically related solution phase structure seen in Kinesin-1 (Kaan et al., 2011) . Assuming one head within the dimer displays perpendicular docking of the neck linker as seen in the ADP crystal structure (Turner et al., 2001) ; this raises two questions: what is the structure of the neck linker in the second head, and which conformation represents tight ADP binding? Answers to these questions awaits further study.
The Kinesin-14 family of C-terminal motors also exhibit functional and structural asymmetry. Some of these consist of homodimers, whereas others consist of a heterodimer where one polypeptide chain includes a motor domain and the other carries a motor homology domain that exhibits the kinesin fold but lacks a nucleotide binding site. In both homo and heterodimers, the two heads appear to play radically different roles in the motile cycle where at first sight only one head appears necessary to generate the powerstroke. Indeed, engineered heterodimers of the well-studied homodimeric Kinesin-14 Ncd can promote motility with only a single motor domain, and cryo-EM studies suggest binding of only one head during the nucleotide-free and Adenosine 5 -(β, γ -imido) triphosphate (AMPPNP) states (Wendt et al., 2002; Endres et al., 2005; Cope et al., 2010 ). Yet, sequence conservation of the dimer and kinetic studies suggest functional importance of the second head. Solution studies indicate cooperative interactions between the heads of Ncd (Foster et al., 1998; Mackey and Gilbert, 2000) , where each head exhibits different affinities for ADP in solution. In principle, this biases the weakly ADP bound head to bind the microtubule first similar to Eg5 (Foster et al., 2001 ). Additionally, studies of heterodimeric Ncd motors where one head has been inactivated show clear interactions between motor domains that affect ATPase activity and microtubule binding (Kocik et al., 2009) .
The most profound example of asymmetry is seen in the unique Kinesin-14 motor Kar3 which operates as a heterodimer with either the non-motor protein Cik1 or Vik1 (Page and Snyder, 1992; Page et al., 1994; Manning et al., 1999; Barrett et al., 2000) . Surprisingly, Vik1, and presumably Cik1, contains a C-terminal motor homology domain which retains the canonical kinesin motor domain fold but lacks an ATP binding site. At first sight, this might be seen as support for a second head whose only task is to stabilise the coiled coil required for the function of the lever arm, but remarkably both Vik1 and Cik1 bind to microtubules more tightly than Kar3 (Allingham et al., 2007; Chen et al., 2011) . This demands a role for the second head as has recently been demonstrated for both Cik1 and Vik1 (Chen et al., 2011; Rank et al., 2012) .
During the motile cycle, Vik1 binds first to the microtubule on an adjacent protofilament to Kar3 utilising a novel microtubule binding site that is not well understood (Rank et al., 2012) . Kar3 then binds to the microtubule and releases ADP.
During the nucleotide-free state, Vik1 dissociates from the microtubule allowing Kar3 to uptake ATP and undergo a powerstroke very similar to Ncd's proposed mechanism (Rank et al., 2012) . Cik1, like Vik1, binds to the microtubule independently of Kar3 (Chen et al., 2011) . However, unlike Vik1, Cik1 targets Kar3 to the microtubule plus-ends, where this localisation is critical for Kar3Cik1's microtubule depolymerase activity (Sproul et al., 2005; Allingham et al., 2007) . These studies suggest that both heads in the Kinesin-14 dimer bind to the microtubule during the ADP state utilising two unique binding sites. The role of this second and novel microtubule binding site is unclear, but appears to affect cooperative binding to the microtubule as discussed below. Evolutionary loss of the ATP binding site from Vik1 and robust motility from single-headed Ncd dimers suggests that the second head is not directly necessary for force production, but clearly it also demonstrates that the second head can play a role that extends beyond simply providing structural support of the adjoining coiled coil.
Cooperative binding of kinesins to microtubules
In vivo microtubules exist in a B-lattice form where protofilaments are arranged laterally such that adjacent α-tubulin shows an axial stagger of 0.9 nm on adjacent protofilaments (McIntosh et al., 2009 ). There is a single break in this helical symmetry, called the seam, where two protofilaments exhibit A-lattice contacts and the α-tubulin are staggered by 4.9 nm. Symmetry within the microtubule lattice is further lost upon binding of a single kinesin motor, as strictly speaking, the α,β-tubulin heterodimers surrounding that motor are no longer symmetry equivalent. This event profoundly affects the microenvironment of the kinesin bound tubulin dimer and has consequences towards binding of subsequent kinesins which are a result of either perturbations in the helical symmetry of the underlying microtubule and/or head-to-head contacts with the bound kinesin. Electron microscopy (EM) has shown that microtubules undergo structural changes in response to saturation binding of kinesin motor domains where helical symmetry is preserved (Krebs et al., 2004) so that it can be assumed that localised structural changes will occur when a single or small group of heads bind. Both Kinesin-1 and Kinesin-14 motors exhibit cooperative binding to the microtubule, and this cooperativity appears to not only affect the binding affinity of subsequent motors but also their spatial organisation. This spatial coordination likely ensures that all motors within an ensemble are positioned such that each can contribute work.
Kinesin-14 dimers operate in vivo as ensembles to generate minus-end-directed motility, even though individual motors are non-processive (deCastro et al., 1999) . Efficient recruitment of motors is therefore essential to their biological function. Ncd dimers exhibit strong cooperative binding in the nucleotidefree and AMPPNP states where one head is bound to the microtubule and the second head is removed but tethered. When microtubules are decorated with Ncd dimers at under-saturating conditions, most microtubules are either completely decorated with Ncd heads, partially decorated along a few protofilaments, or undecorated as shown by EM ( Figure 5 ) (Wendt et al., 2002) . The presence of microtubules with a combination of fully decorated protofilaments and bare protofilaments suggests that this cooperative binding proceeds in the axial direction (Wendt et al., 2002) .
Very similar cooperative decoration has also been observed for the Kinesin-14 heterodimer Kar3Vik1 in the nucleotide-free and AMPPNP states. During these states Kar3 and not Vik1 is assumed to be bound to the microtubule (Cope et al., 2010; Rank et al., 2012) . In the ADP state, Vik1 is thought to be tightly bound to the microtubule with Kar3 either bound or occluding a tubulin dimer on an adjacent protofilament, and under these conditions, no cooperative binding behaviour is observed (Rank et al., 2012) . This suggests that cooperativity is directly related to Kar3 binding. Interestingly, immunofluorescent studies of the Kar3 motor domain by itself complexed with AMPPNP demonstrate stochastic binding to the microtubule which implies that Vik1 is needed for cooperative binding of Kar3. In contrast, Kar3Cik1·AMPPNP exhibits targetted binding to the microtubule plus ends and Kar3Vik1·AMPPNP cooperatively binds along the length of the microtubule (Sproul et al., 2005; Allingham et al., 2007) . This then suggests that cooperative binding and microtubule targetting is not related solely to the Kar3 motor domain and instead relies on the Vik1 and Cik1 motor homology domain and/or the adjoining coiled coil.
Binding of a plus-end-directed processive kinesin motor also affects binding of additional motors to the microtubule in terms of binding affinity and spatial arrangements. However, this cooperative behaviour is only seen at close to or above stoichiometric ratios of motors to microtubule binding sites, which is in contrast to the Kinesin-14 motors. Furthermore, the degree of cooperativity varies between families. For example, Eg5 dimers, which in vivo operate as ensembles to slide anti-parallel microtubules relative to each other, exhibit cooperative binding to the microtubule as detected by sigmoidal binding profiles during co-sedimentation studies with microtubules in the AMPPNP and nucleotide-free states . In contrast, Kinesin-1 dimers likely work individually or in small groups when transporting large cargos such as vesicles and organelles (Shubeita et al., 2008) , and consistent with their biological behaviour, cooperative binding with Kinesin-1 is only observed through EM studies suggesting this class of motor exhibits lower cooperativity than Eg5.
Kinesin-1 dimers exhibit cooperative binding to microtubules in the AMPPNP state as shown by EM studies similar to Kinesin-14 motors (Vilfan et al., 2001) . However, unlike Kinesin-14s which only bind to the microtubule through one head under cooperative conditions, both Kinesin-1 heads bind under cooperative conditions, and Kinesin-1 dimers occasionally display an additional 16 nm periodicity upon binding indicating that when both dimer heads are bound to the same protofilament they exhibit lateral alignment along the microtubule. This leads to the periodic presence of the neck linker every 16 nm (Hoenger et al., 1998; Thormahlen et al., 1998; Vilfan et al., 2001; Skiniotis et al., 2003) . The lateral alignment seen for Kinesin-1 is in stark contrast to the longitudinal (along a protofilament) cooperative binding seen in the Kinesin-14s (Figure 6 ). Mechanistically, this is consistent with the need for the individual heads of a Kinesin-1 dimer to bind on the same protofilament, whereas the Kinesin-14 Review Figure 6 Cooperative binding to the microtubule (A) Kinesin-1 (cyan) dimers exhibit cooperative binding to the microtubule, and the presence of 16 nm layer lines in cryo-EM suggests this proceeds in an lateral manner (Vilfan et al., 2001) . (B) Kinesin-14 dimers (orange) also display cooperative binding; however, in contrast to Kinesin-1, this appears to proceed along the protofilament (Wendt et al., 2002; Cope et al., 2010) . The second head in the Kinesin-14 dimer is depicted as partially transparent because cooperative binding is only observed when one head of the dimer is bound; for Kar3Vik1, binding of both heads in the ADP state appeared to abolish cooperative binding (Rank et al., 2012) . (C) Kinesin-1 dimers also exhibit long range cooperative binding where binding of one dimer biases additional dimers to bind further towards the plus-end of the microtubule (Muto et al., 2005) .
heads appear to bind adjacent protofilaments (Rank et al., 2012) . This suggests that the Kinesin-14s and the Kinesin-1s have different mechanisms to promote cooperative binding, where the Kinesin-14s exhibit strong cooperative binding that proceeds first along the axial direction of the microtubule and Kinesin-1s exhibit very weak cooperative binding that can include lateral alignment along the protofilament. Cooperative binding of kinesin motor domains to the microtubule lattice requires that binding of one dimer to the microtubule increases the chance of a second dimer binding either through head-to-head contacts and/or through changes to the microtubule lattice. Although further studies are needed to distinguish between these two mechanisms, there are several lines of evidence that support changes in the microtubule lattice upon binding of a kinesin motor. EM has shown that microtubules undergo structural changes in response to binding of kinesin motor domains (Krebs et al., 2004) . Additionally, binding of a Kinesin-1 dimer to the microtubule also appears to bias additional Kinesin-1 dimers to bind further towards the plus-end of the microtubule (Muto et al., 2005) (Figure 6 ). This is different from the cooperative binding observed by EM where each motor head was bound directly next to another Kinesin-1 head. The cooperativity observed by Muto et al. (2005) must occur through changes in the microtubule lattice as there is no contact between motors.
Dynein
The dynein family is the second major class of microtubule molecular motors, and these motors utilise ATP to produce minus-end-directed motility. Dynein motors have no structural relationship to the kinesin motors and instead belong to the ATPase associated with diverse cellular activities (AAA+) superfamily. Each motor head is composed of six AAA domains, a linker and stalk which contains the microtubulebinding domain at its tip. Similar to most kinesins, dynein motors operate as functional dimers and exhibit a processive stepping mechanism with an average step size of 8 nm towards the minus-end of the microtubule (Wang et al., 1995; King and Schroer, 2000; Mallik et al., 2004; Reck-Peterson et al., 2006) . However, dynein steps show great variability in size and direction, and the two motor heads appear to straddle adjacent protofilaments (Wang et al., 1995; Mallik et al., 2004; Reck-Peterson et al., 2006; Qiu et al., 2012) . Additionally, Dynein motors appear to display very little coordination between motor heads within the dimer, especially when the motor domains are close together on the microtubule lattice, and instead rely on a high duty ratio for processive motion (Shima et al., 2006; DeWitt et al., 2012; Qiu et al., 2012) .
Like kinesin motors, dynein also exhibits an inherent structural and functional asymmetry between motor domains where the left, as determined by looking down the microtubule towards the minus end, motor domain is more likely to be the lagging head and the right motor domain more likely to be the leading head (DeWitt et al., 2012; Qiu et al., 2012 ). Yet, crystal structures of the dynein motor in solution also show a pseudo twofold symmetry between motor domains (Figure 2) , suggesting that dynein, like kinesins, transitions from a structurally symmetric solution conformation to an asymmetric conformation once bound to microtubules (Carter et al., 2011; Schmidt et al., 2012) . Recent X-ray crystal structures of the microtubule binding domain (Carter et al., 2008) and low (Carter et al., 2011; Kon et al., 2011) and high (Kon et al., 2012; Schmidt et al., 2012) resolution structures of the motor domain are beginning to allow detailed structural-based analysis of dynein's mechanism as reviewed in Cho and Vale (2012) .
Binding of dynein to the microtubule occurs through a small globular domain attached to the six AAA domains by a long stalk (Carter et al., 2008) and occludes the same tubulin binding site as kinesin (Mizuno et al., 2004) . Dynein exhibits a lower binding affinity to microtubules compared with Kinesin-1 and this combined with its ability to step laterally may allow it to bypass kinesin motors on the microtubule (Mizuno et al., 2004) . Future work is needed to elucidate whether dynein exhibits cooperative binding to microtubules similar to kinesin.
Perspectives/conclusions
The kinesin superfamily demonstrates again the importance of symmetry and asymmetry in biology. Asymmetry between motor domains is an inherent consequence of a twofold symmetric motor binding to a helically symmetric microtubule lattice. This structural asymmetry results in different nucleotide binding affinities for each head when two heads are bound to the lattice and provides the directionality of movement. Asymmetry is also present in the hand-over-hand mechanism in processive plus-enddirected motors where each motor head undergoes a unique trajectory during the motile cycle and the nucleotide states of the heads are kept out of phase.
Within the Kinesin-14s, asymmetry leads to a motile cycle where only one head directly participates in the powerstroke mechanism and the other head appears to function in microtubule binding, cooperativity, and ensemble organisation. Asymmetry between dynein heads is less well understood but appears to bias the spatial orientation of the heads on the microtubule during the motile cycle. These examples clearly show that asymmetry is universally required to distinguish and coordinate motor heads during the motile cycle.
Within plus-end processive motors, an asymmetric hand-over-hand mechanism most obviously functions to eliminate increasing torque within the coiled coil and cargo rotation as the motor travels. However, this mechanism may also aid in maintaining the nucleotide states of the two heads out of phase, which is crucial to successful processive motility, by structurally ensuring that each head is unique during the motile cycle. Within the Kinesin-14 motors, asymmetry between heads appears to allow the two heads within the dimer to perform two completely different functions. Here, one head appears to drive the ATP-promoted powerstroke, whereas the other head functions to target the motor to the microtubule lattice.
One of the most striking consequences of asymmetry within motors and the microtubule lattice is cooperative binding of motors. Cooperative binding to the microtubule leads to a fascinating potential for regulation between motors as this cooperativity appears to not only affect binding affinity but also how motors spatially align. This spatial alignment appears to be motor class specific and likely ensures that each motor is position such that they perform maximally as a group. Kinesin-14 motors exhibit strong cooperative binding and arrange themselves along protofilaments consistent with their need to work as ensembles and binding to adjacent protofilaments. In contrast, processive plus-end-directed Kinesin-1 dimers align laterally along a microtubule allowing binding of the second head to a tubulin dimer along the same protofilament, and also display long-range cooperative binding of motors further towards the plus-end of the microtubule.
Processive motion kinesin dimers that are able to take multiple steps before dissociating from the microtubule lattice are termed processive. Processivity is accomplished by always having one motor head in the dimer tightly bound to the microtubule at all stages of the motile cycle.
Non-processive motion non-processive motors completely dissociate from the microtubule after each motile cycle and must rebind before beginning a new cycle. To promote efficient motility these motors typically operate as ensembles.
Lateral alignment of processive plus-end-directed kinesins likely does not occur under average physiological conditions as this cooperative binding is only seen under high stoichiometric ratios of motors to microtubule binding sites. Additionally, single molecule studies suggest that two Kinesin-1 molecules bound to a microtubule do not work collectively during transport at sub-stalling forces (Leduc et al., 2007; Rogers et al., 2009; Jamison et al., 2010) . However, there is evidence of Kinesin-1 motors working cooperatively under super-stall and accelerating cargo forces, and in these cases, close spatial arrangement of motors is critical to this cooperative force generation (Jamison et al., 2010; . It is likely that under these high force loads that stalling of the leading Kinesin-1 motor allows additional motors to 'catch-up' on the microtubule lattice leading to a local high concentrations of motors, and under these conditions lateral alignment may occur allowing motors to work collectively to generate force. Recent single molecule studies indicate that local interactions likely affect stepping rates and microtubule affinities at high applied loads for Kinesin-1 (Uppulury et al., 2012) . Clearly, the mechanisms by which Kinesin-1 and Kinesin-14 motors cooperatively bind to microtubules are different, and this raises the tantalising potential for motors to be able to regulate binding of different classes of motors. For example, does binding of a minus-end-directed Kinesin-14 motor not only recruit binding of additional Kinesin-14 motors but also reduce the binding affinity for a plusend-directed motor? Additionally, does binding of non-motor microtubule-associated proteins affect the binding of different classes of motors? There is evidence that the manner in which microtubules are stabilised (taxol, GMPCPP, 3R tau, or 4R tau) leads to differences in Kinesin-1 velocities and processivity (McVicker et al., 2011; Peck et al., 2011) . In vivo, this could provide an elegant way to regulate motility or transport where different classes of motors bind within the complex microtubule network. Additionally, this regulation could serve to minimise occasions when motors travelling in different directions would collide on the microtubule leading to dissociation, thus, ensuring cargo transportation occurs to the correct location in an efficient time scale with minimal energy expenditure.
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